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Summary  Ionic  polymer  metal  composites  (IPMCs)  are  relatively  new  smart  materials  that
exhibit a  bidirectional  electromechanical  coupling.  IPMCs  have  large  number  of  important  engi-
neering applications  such  as  micro  robotics,  biomedical  devices,  biomimetic  robotics  etc.  This
paper presents  a  comparison  between  tapered  and  uniform  cantilevered  Naﬁon  based  IPMCs
transducer.  Electromechanical  modelling  is  done  for  the  tapered  beam.  Thickness  can  be  var-
ied according  to  the  requirement  of  force  and  deﬂection.  Numerical  results  pertaining  to  the
force and  deﬂection  characteristics  of  both  type  IPMCs  transducer  are  obtained.  It  is  shown
that the  desired  amount  of  force  and  deﬂections  for  tapered  IPMCs  can  be  achieved  for  a  given
voltage. Different  ﬁxed  end  (t0)  and  free  end  (t1)  thickness  values  have  been  taken  to  justify
the results  using  MATLAB.
© 2016  Published  by  Elsevier  GmbH.  This  is  an  open  access  article  under  the  CC  BY-NC-ND  license
rg/li
l
(
o
v(http://creativecommons.o
Introduction
IPMCs  are  the  class  of  electro-active  polymer  that  exhibits
electroactive  transduction  behaviour.  They  are  perﬂouri-
nated  membrane  plated  with  conductive  metals  on  both
sides.  Several  researchers  have  studied  its  electromechan-
ical  behaviour  since  past  two  decades.  It  provides  very
 This article belongs to the special issue on Engineering and Mate-
rial Sciences.
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arge  deﬂection  with  application  of  low  voltage  (1—3  V)
Newbury  and  Leo,  2003a;  Pugal  et  al.,  2010).  Application
f  an  electric  ﬁeld  produces  mechanical  deformation  and
ice  versa.  So  they  can  be  used  as  both  sensors  and  actu-
tors.  Shahinpoor  and  Kim  (2001)  designed  ﬁrst  model  of
PMCs.  Newbury  and  Leo  (2002,  2003a,b)  developed  a  linear
caled  model  for  IPMCs.  Akle  and  Leo  (2007)  gave  an  actu-
tion  model  by  changing  the  thickness  of  electrodes.  This
aper  presents  a  comparison  between  tapered  and  uniform
antilevered  Naﬁon  based  IPMCs  transducer.  Electromechan-
cal  modelling  is  done  for  the  tapered  beam.  Thickness
an  be  varied  according  to  the  requirement  of  force  and
eﬂection.  Numerical  results  pertaining  to  the  force  and
icle under the CC BY-NC-ND license (http://creativecommons.org/
214  R.C.  Dash,  S.  Mukherjee
V
i
t0 t1
Lt
Ld
f
N:1
RdcV
+
-
f
Zm2
Zm1
Zp
i u
+
-
b)  Tw
d
o
T
t
I
u
o
c
I
b
b
T
M
a
w
i
E
u
C
f
u
u
 t0)/
q
ω
m
ω
i
w˛2
t1) +
form,  we  get
f  =  s2mu  (9)
Substituting  the  value  of  m  in  Eq.  (9)  and  solve  for  (f/su)
we  will  getFigure  1  (a)  Tapered  IPMCs  in  cantilever  form.  (
eﬂection  characteristics  of  both  type  IPMCs  transducer  are
btained.
wo  port  transducer  modelling  of  tapered
ransducers
PMCs  strip  whose  thickness  varies  from  t0 to  t1 has  been
sed  as  shown  in  Fig.  1.  Force  and  deﬂection  characteristics
f  IPMCs  for  unit  step  voltage  input  with  different  tapered
onﬁguration  have  been  found  out.
Mechanical  impedance  term  (Zm1)  due  to  stiffness  of
PMCs  can  be  derived  by  considering  quasi-static  relationship
etween  applied  force  and  deﬂection  for  an  Euler—Bernoulli
eam.  A  load  is  applied  Ld distance  from  the  ﬁxed  support.
he  bending  moment  is  given  by  Newbury  and  Leo  (2003a)
 =  f(Ld −  x)  (1)
For  small  deﬂections  the  bending  moment  and  deﬂections
re  related  as
M
YI
= d
2u
dx2
(2)
t  =  t0 +
(
t1 −  t0
Ld
)
x  t  =  t0 +  ˛x  ˛  =
(
t1 −  t0
Ld
)
here  Y  is  the  young’s  modulus  and  I  is  the  area  moment  of
nertia  of  the  bender’s  cross  section.  Substituting  Eq.  (1)  into
q.  (2)  and  integrating  twice  with  respect  to  x  we  will  get
(x)  = 6f(˛Ld +  2(t0 +  ˛x)  ln(t0 +  ˛x)  +  t0)
˛3wY(t0 +  ˛x)2
+  C1x  +  C2
1 and  C2 can  be  found  out  by  applying  boundary  conditions
or  a  cantilevered  beam  (u(x  =  0)  =  0  and  du/dx(x  =  0)  =  0),
Zm1 = f
su
=
6s[((t1 +  2(t1 +  t0) ln(t1 +  t0) +
m  = 12
6∃4t0[((t1 +  2(t1 +  t0)  ln(t1 +  t0) +  t0)/Zm2 =  s
12w
6∃4t0[((t1 +  2(t1 +  t0)  ln(t1 +  t0)  +  t0)/t1o  port  model  of  IPMCs  (Newbury  and  Leo,  2003a).
(x)  = 6f(˛Ld +  2(t0 +  ˛x)  ln(t0 +  ˛x)  +  t0)
˛3wY(t0 +  ˛x)2
+ 6f(˛Ld −  t0)
˛2wYt20
x  − 6f(˛Ld +  2t0 ln(t0))
˛3wYy
(3)
At  x  = Ld
 = 6f
˛2wY
[
t1 +  2(t1 +  t0)  ln(t1 +  t0)  +  t0
t1t0
+ (t1 +  t0)
t20
Ld − t1 +  2(t0) ln(t0) +  t0
˛t0
]
(4)
Zm1 can  be  deﬁned  as
˛2wYt0
t1) +  ((t1 +  t0)/t0)Ld −  ((t1 +  2(t0)  ln(t0)  +  t0)/˛)] (5)
For  transverse  vibration  of  a  cantilever  beam  natural  fre-
uency  is  given  by  Leo  (2007)
n = ∃
L2free
√
YI0
A0
(6)
The  value  of  ∃  for  ﬁrst  mode  of  cantilever  beam  is  1.875.
Natural  frequency  for  any  matter  having  stiffness  (k)  and
ass  (m)  will  be
2
n =
k
m
(7)
An  equivalent  mass  for  IPMCs  can  be  determined  by  solv-
ng  Eqs.  (6),  (7)  and  (4).
L4freem
 ((t1 −  t0)/t0)Ld −  ((t1 +  2t0 ln(t0)  +  t0)/˛)] (8)
Using  Newton’s  second  law  and  taking  the  Laplace  trans-˛2L4freem
) +  ((t1 −  t0)/t0)Ld −  ((t1 +  2t0 ln(t0)  +  t0)/˛)] (10)
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N2Zm1 +  Zp (17)Modelling  of  tapered  ionic  polymer  metal  composites  transd
Electrical  terms
There  are  two  electrical  impedance  terms  in  the  electrical
circuit  Rdc and  Zp.Where  Rdc is  the  dc  resistance  Zp is  the
element  which  stores  electric  charge
Rdc = teffectivedc
wLt
t =  t0 +
(
t1 −  t0
Ld
)
x  t  =  t0 +  ˛x,
˛  =
(
t1 −  t0
Ld
)
teffective =
∫ Lt
0
[
t0 +
(
t1 −  t0
Ld
)
x
]
dx  = 2t0Lt +  ˛L
2
t
2
Rdc = dc(2t0 +  ˛Lt)2w
Lt is  the  total  length  of  transducer.  The  electrical
impedance  value  of  IPMCs  can  be  shown  as  parallel  com-
bination  of  RC  elements  which  are  connected  in  series  (Leo,
2007).  Each  resistor  Ri can  be  written  in  terms  of  resistivity
(i)  and  material  dimensions.
Ri = iti2wLt Ci =
2εiwLt
ti
where  ∈ i are  permitivity  of  the  capacitors
The  impedance  term  Zp of  the  circuit  using  Laplace
domain  and  substituting  the  values  we  get
Zp = 1∑n
i=1(sCi/1  +  sCiRi)
= 1
2swLt
∑n
i=1(εi/(1  +  sεii)ti)
(11)
n  describes  number  of  branches  which  calculates  number
of  degree  of  freedom  required  for  describing  the  electrical
impedance.
Electromechanical  coupling
The  turn’s  ratio  N  which  denotes  electromechanical  coupling
is  a  constant.  Turn’s  ratio  is  taken  to  be  frequency  dependent
due  to  complex  nature  of  IPMCs.  Open  circuit  voltage  and
force  applied  can  be  related  as  Newbury  and  Leo  (2003a)
v
N
= f
1
i  =  0 (12)
Consider  the  equations  of  piezoelectricity  to  obtain  an
expression  for  N.
S  =  sET  +  dE  D  =  dT  +  εTE (13)
Equation  for  T in  Laplace  domain  can  be  given  as
Newbury  and  Leo  (2003a)
T (s)  =
n∑
i=1
εTi
1  +  sεTi Ti
(14)
Here  subscript  T  is  applied  to  denote  zero  stress  condi-
tion.  So,  T  is  stress  induced  in  the  beam  due  to  the  load  f.
stress  and  applied  force  can  be  related  by  the  well-known
equation  of  beam  in  bendingT  = MY
I
= f(Ld −  x)(˛x  +  t0)
2I
w
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Integrating  both  side  of  Eq.  (13)  over  width  w  and  length
t we  will  get  the  total  charge.  2nd  equation  of  Eq.  (13)  can
e  written  as
Q  =
∫ Lt
0
∫ w/2
−w/2
d
(
12f(Ld −  x)(˛x  +  t0)
2w(˛x  +  t0)3
+ 
Tv
(˛x  +  t0)
)
dzdx
z  is  the  coordinate  along  the  width
Q  =  6df
[
t1 +  t0 +  ln(t0/t1)
((t1 −  t0)/Lt)2
]
+ Lttwv  ln(t0/t1)
t1 −  t0
Expression  for  N  can  be  obtained  by  putting  Q  =  0  (i.e.
pen  circuit  condition).  The  resulting  equation  for  N  is
v
f
at  (i  =  0)  =  N  = 6dLt(t1 +  t0 +  ln(t0/t1))
Tw  ln(t0/t1)(t1 −  t0)
ircuit  analysis
pplying  Kirchhoff’s  law  to  Fig.  1(b)  circuit  we  will  get
v  =  Rdc(i  −  i2) Zpi2 =  v2 +  Rdc(i2 −  i)  =  0
f2 +  Zm1 (u˙2 − u˙) =  0
f2 =  Zm2u˙2 +  Zm1 (u˙  − u˙2) = 0 v2
N
= f2
1
−i2N  = u˙2
By  solving  the  equation  and  eliminating u˙2,  f2,  v2,  i2 we
ill  obtain  the  below  matrix
v
f
)
=
⎡
⎢⎣
Rdc(N2Zm1 +  Zp)
Rdc + N2Zm1 +  Zp
NRdcZm1
Rdc +  N2Zm1 +  Zp
NRdcZm1
Rdc + N2Zm1 +  Zp
(Zm1 +  Zm2)(Rdc +  Zp) +  N2Zm1Zm2
Rdc +  N2Zm1 +  Zp
⎤
⎥⎦( i
u˙
)
(15)
Eq.  (15)  can  be  simpliﬁed  by  assuming  mechanical
mpedance  is  smaller  as  comparison  to  electrical  impedance
Zp) (Newbury  and  Leo,  2003a).
v
f
)
=
⎡
⎢⎢⎣
Zp
1  +  (Zp/Rdc)
NZm1
1  +  (Zp/Rdc)
NZm1
1  +  (Zp/Rdc) Zm1 +  Zm2
⎤
⎥⎥⎦
(
i
u˙
)
(16)
ctuator  and  sensor  equations
ctuator  equations
ctuator  and  sensor  equations  can  be  developed  by  using
bove  model.  Solving  above  for  blocked  force  condition  (u˙ =
),  we  get
)here  the  superscript u˙ denotes u˙ = 0.
Expression  for  deﬂection  can  be  found  out  by  free  deﬂec-
ion  condition  (f  =  0)
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Figure  2  Symmetric  cantilever  IPMC  transducer.  (a)  Force  vs.  step  voltage  response.  (b)  Deﬂection  vs.  step  voltage  response.
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Pigure  3  Tapered  cantilever  IPMC  transducer.  (a)  Force  vs.  st
u
v
)f
=  − NZm1
sZp(Zm1 +  Zm2) (18)
ensor  equations
ensor  equations  can  be  found  out  by  following  the  same
rocedure  as  actuator.
v
f
)i
= NRdcZm1
(Zm1 +  Zm2)
(
Rdc +  Zp
) ;
(
i
u˙
)v
=  −NZm1
Zp
esults and discussion
orce  and  deﬂection  analysis  for  step  voltage  input  to  the
ransducer  have  been  compared.  Fig.  3(a)  deals  with  force
utput  of  tapered  transducer  by  varying  thickness  for  a  step
oltage  input  for  blocked  force  condition.  Fig.  3(b)  explains
bout  tip  deﬂection  when  unit  step  voltage  is  applied  to
 tapered  transducer  for  free  boundary  condition.  Force
nd  deﬂection  output  of  uniform  IPMCs  cantilever  has  been
xplained  in  Fig.  2(a)  and  (b),  respectively.  By  keeping  t1
s  constant  the  force  output  decreases  with  decrease  in  t0
alue.  Further,  if  we  will  keep  t0 as  constant  then  magni-
ude  of  force  deceases  with  decrease  in  t1 value.  Magnitude
f  force  in  ﬁrst  case  is  better  than  the  second  one.  Fig.  3(b)
hows  deﬂection  of  the  tip  for  tapered  transducer  when  step
oltage  is  applied.  Magnitude  of  the  tip  deﬂection  is  one
rder  more  in  tapered  beam  compared  to  uniform  one.  Fur-
her,  the  value  of  tip  deﬂection  will  be  more  if  t1 is  kept
onstant  and  increase  the  value  of  t0 which  is  similar  with
he  magnitude  of  force  in  tapered  IPMC  transducer.
Sltage  response.  (b)  Deﬂection  vs.  step  voltage  response.
onclusions
n  this  study,  performance  of  non-uniform  tapered  IPMCs  is
btained  and  compared  with  the  uniform  one  using  numeri-
al  simulations.  It  is  found  that  uniform  IPMCs  actuator  can
nly  generate  a  particular  value  of  output  force  whereas
he  tapered  IPMCs  actuator  can  generate  a  range  of  forces
nd  deﬂections  with  the  same  applied  voltage.  The  tapered
PMCs  actuator  may  be  useful  for  the  applications  where  it
s  required  to  generate  variations  in  actuation  force.  There-
ore,  the  potential  applications  for  this  type  of  actuators
ay  be  the  underwater  and  space  applications.
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